Sound localization is one of the most important tasks performed by the auditory system. Differences in the arrival-time of sound at the two ears are the main cue to localize low-frequency sound in the azimuth. In the mammalian brain, such interaural time differences (ITDs) are encoded in the auditory brainstem; first by the medial superior olive (MSO) and then transferred to higher centers, such as the dorsal nucleus of the lateral lemniscus (DNLL), a brainstem nucleus that gets a direct input from the MSO. Here we demonstrate for the first time that ITDsensitivity in gerbils undergoes a developmental maturation after hearing onset. We further show that this development can be disrupted by altering the animal's acoustic experience during a critical period. In animals that had been exposed to omnidirectional white noise during a restricted time period right after hearing onset, ITD-tuning did not develop normally. Instead, it was similar to that of juvenile animals three days after hearing onset, with the ITD-functions not adjusted to the physiological range. Animals that had been exposed to omnidirectional noise as adults did not show equivalent abnormal ITD-tuning. The development presented here is in contrast to that of the development of neuronal representation of ITDs in the midbrain of barn owls and interaural intensity differences in ferrets, where the representations are adjusted by an interaction of auditory and visual inputs. The development of ITD-tuning presented here most likely depends on normal acoustic experience and may be related to the maturation of inhibitory inputs to the ITDdetector itself. Development of ITD coding Instead, many neurons respond maximally at ITDs far outside the physiological range of ITDs, with a distribution of "best ITDs" related to the neurons' frequency tuning (best frequencies, BF, the frequency a neuron responds best to): Neurons in the MSO and the inferior colliculus (IC, part of the auditory midbrain) tuned to low frequencies tend to respond maximally at large ITDs, whereas high frequency neurons prefer shorter ITDs (Brand et al. 2002; Hancock and Delgutte 2004; McAlpine et al. 2001). For the gerbil, with its small inter ear distance, creating ITDs of maximally 120 µs (Maki et al. 2003), this relationship of BF and best ITD implies that almost all best ITDs occur outside the physiological range, thus at ITDs the animal never experiences. As a consequence, the maximal slope of almost all ITD functions lies within the physiological range, resulting in large spike rate changes across this range of ITDs. Therefore, different ITDs lead to Development of ITD coding 4 different spike rates of the MSO cell population, providing the basis for a population code (Hancock and Delgutte 2004; McAlpine et al. 2001). Coincidence detection of binaural excitatory inputs is known to be of fundamental importance in producing the ITD sensitivity in MSO. Nevertheless, recent findings suggest that glycinergic inhibition is important for tuning single MSO cells to ITDs with the contralateral stimulus leading. Pharmacological blockade of glycinergic inhibition in vivo indicated that binaural excitation alone creates an ITD-sensitivity with maximal firing rates around zero ITD and maximal slopes mostly outside of the physiological range (Brand et al. 2002). The glycinergic projections to MSO neurons undergo an experience-dependent refinement after hearing onset: Before hearing onset (in gerbils on postnatal day 12, P12), glycinergic synapses are dispersed equally on MSO cells, whereas after P25 inhibitory synapses are almost exclusively found on somata and proximal dendrites. This developmental refinement depends on normal early acoustic experience as it can be suppressed by rearing gerbils in the presence of omnidirectional noise as well as by removing one or both cochleae before hearing onset (Kapfer et al. 2002).
INTRODUCTION
Differences in sound arrival times at the two ears (interaural time difference, ITD) are the dominant cue for localizing low-frequency sounds in the horizontal plane. In mammals, neurons in the medial superior olive (MSO; Fig. 1A ) encode ITDs in the microsecond range (Goldberg and Brown 1969; Spitzer and Semple 1995; Yin and Chan 1990) . Traditionally, it is believed that different ITDs are encoded by the maximal firing rate of different MSO neurons arranged to produce a topographic map of azimuthal space (Crow et al. 1978; Goldberg and Brown 1969; Spitzer and Semple 1995; Yin and Chan 1990) . However, recent studies challenge this concept, indicating a population code rather than a topographic map of ITDs. In gerbils, guinea pigs, and cats, the maximal firing rates of ITD-sensitive low-frequency neurons are not distributed across the physiological range of ITDs (ITDs the animal experiences under natural conditions).
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Data analysis and statistics. Data were analyzed offline using the summed or normalized number of action potentials in response to the stimulus presentations for creating ITD or IPD functions. Individual spike times and a standard vector analysis were used for evaluating phase-locking (Goldberg and Brown 1969) . Only statistically significant vector strength values that fulfilled the P < 0.05 criterion in the Rayleigh test (Batschelet, 1991) were used. Similarly, a neuron's best ITD or IPD was calculated by defining the mean vector of the individual ITD or IPD functions, respectively. The maximal slope of ITD functions was obtained by calculating the inflection point (MATLAB, The MathWorks Inc., Natick, MA) of a fitted sigmoidal curve (STATISTICA, StatSoft Inc., Tulsa, OK).
Statistical differences between distributions of maximal slopes or best ITD or IPD between the different experimental groups of animals were calculated by the ANOVA single factor test on STATISTICA. All deviations and error bars are standard deviations (STDEV), except for the error bars of ITD functions in Fig. 2 , displaying standard errors of the mean (SEM).
For defining a neuron as 'peak-type' we followed the definition by Yin and Kuwada (1983) . In brief, the characteristic phase (CP), defined as the y-intercept in plots of the stimulus frequency (x-axis) versus the best interaural phase of the response (y-axis), was calculated from the individual IPD functions (at least three, mostly five or more). A linear regression line and a CP between -1.25 and + 1.25 indicated that the neuron was of 'peaktype'.
Results
We recorded from 152 low-frequency (BF< 2 kHz) DNLL neurons that could be driven by auditory stimulation. Of the 152 neurons, 83 showed a 'peak-type' ITDsensitivity in their ongoing component of the response as well as in their onset component (see methods Therefore, in the following we will only consider neurons that had low BFs (< 2 kHz) and whose individual best ITDs were independent of stimulus frequency ('peak-type';
. Responses from these 83 neurons were used for further analysis: Adult controls: 39 neurons from 11 animals (39/11); juvenile animals: 9/8; noise-reared animals: 22/8 (three different litters); animals kept as adults in noise for 15 days: 13/4.
ITD sensitivity of adult DNLL neurons resembles that of MSO neurons.
To evaluate whether our sample of DNLL neurons reflect the physiological ITDproperties of MSO neurons we compared two key features of the ITD functions ( Fig. 3A )
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Seidl and Grothe Development of ITD coding 10 of 39 DNLL cells recorded from adult controls ( Fig. 2A the two most extreme ITDs the gerbil can be expected to experience naturally (indicated by a gray bar in Fig. 2A ,C,E,G) (Maki et al. 2003) .
A representative example of an ITD sensitive DNLL neuron is shown in Fig. 2A . The neuron had a BF of 1000 Hz, its best ITD was at 118 µs (= 0.12 cycles), at the border of the physiological range, and the maximal slope was at -56 µs, well within the physiological range. For all 39 DNLL neurons the mean best IPD (at BF) was + 0.137 cycles (STDEV ± 0.067) ( Fig. 2B ). This corresponded well to the values shown for gerbil MSO neurons (+ 0.120 cycles, ± 0.047) (Brand et al. 2002) and also to the auditory midbrain in guinea pigs and cats (Hancock and Delgutte 2004; McAlpine et al. 2001 ).
Thus, for most frequencies, best ITDs in DNLL, as in MSO (Brand et al. 2002) , were outside the physiologically relevant range ( Fig. 1B, dashed (Kapfer et al. 2002) . The ITD-sensitivity of DNLL neurons in gerbils reared in omnidirectional white noise indeed differed significantly from that found in adult controls, but shared important features with that in P15 gerbils. In our sample of 8 noise-reared animals, 22 out of 62 neurons showed 'peak-type' ITD-sensitivity. A typical example of an ITD-sensitive neuron of the noise-reared group is shown in Fig. 2E . A plot of all IPD functions of the 22 neurons at BF reveals that the neural representation of ITDs in the DNLL of noise-reared animals differs from that in adult controls ( Fig. 2F ). Across the population, the mean best IPD was significantly lower than in the control group (P < 0.0005; Fig. 3B ) and the mean maximal slope was outside the physiologically relevant range. Moreover, 82 % of ITD functions in adult controls but only 45 % in the noisereared animals had the maximal slope within the physiologically relevant range (in the control group always the "left" slope, in noise-reared animals the slope closest to 0 ITD, independent of whether it was the left or right slope).
In this study we assume that ITD-sensitive cells in the MSO are tuned to contralateral ITDs and we show that this property is transferred to DNLL. Yet we cannot a priori exclude the possibility that a subset of DNLL neurons receives inputs from the contralateral MSO and therefore is tuned to the other hemifield. Such neurons have been found in the IC of the guinea pig (McAlpine et al. 2001) . In order to exclude the possibility that the different distribution of ITD functions in noise-reared animals was due to accidental over-sampling of reversed ITD functions, we additionally calculated the distributions after mirroring all ITD functions of noise-reared animals that had their peak at negative ITDs. Nevertheless, the mean best IPDs and maximal slopes significantly
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Interestingly, the mean IPD of noise-reared animals, like those of juvenile animals, was not statistically different from that measured in the MSO during antagonization of Noise exposure does not affect ITD-tuning in adults.
To exclude the possibility that the effects resulting from noise-rearing were not related to the development of ITD-tuning but rather due to noise-exposure itself, we tested whether omnidirectional noise affects ITD-sensitivity in adult gerbils. We exposed adult gerbils to the same noise conditions as juveniles (see Methods). After recovery time we recorded from 26 neurons of which 13 showed a 'peak-type' ITD-sensitivity. Values of modulation depth, 50 % bandwidth, and maximal slope of these 13 neurons were not
Seidl and Grothe Development of ITD coding 15 significantly different from those in control adult animals ( Fig. 2G,H) . The mean best IPD, however, was significantly higher (Fig. 3B ), but did not resemble the mean best ITD in noise-reared animals. Preliminary experiments of noise-exposed adult animals with longer recovery times (> 3 months) indicated that this effect might not be permanent, a result that is confirmed by a larger sample from an unpublished study (Kollmar and Grothe 2004) .
General characteristics are not different in juvenile animals or after noise exposure.
In our sample of control animals the BFs ranged from 250 to 1250 Hz (mean 786 Hz, Fig. 4A ). 22 of the 39 neurons in this group showed phase-locked activity (56%). The mean phase-locking strength (r) of the 22 cells was 0.53 (± 0.19).
The BFs of the 9 cells presented from juvenile animals lay between 400 and 1800 Hz, with a mean of 822 Hz, and were comparable to those of adult control animals ( Fig.   4A ). In general, discharge rates appeared to be slightly lower than those found in adult animals, though not statistically significant (P = 0.12, Fig Acoustic thresholds of neurons in the adult controls and noise-reared animals did not differ (P = 0.62). The BFs of ITD-sensitive cells in noise-reared animals varied from 200
to 1300 around a mean of 911 Hz (Fig. 4A ). The discharge rates were significantly lower In noise-exposed adult animals BFs ranged between 500 and 1225 Hz (mean 825 Hz, Fig. 4A ). The mean discharge rate was not different from adult control animals (P = 0.65). Responses of 5 out of the 13 neurons were phase-locked. The mean of r and the distribution of BFs among the phase-locked neurons were not different from the control group.
DISCUSSION
In this study we assessed the development of ITD coding in the mammalian auditory system and the effect of early experience on ITD-tuning. Single neuron recordings from the DNLL showed that the neuronal representation of ITDs of neurons that show stable ITDs ('peak-type') closely matched that of 'peak-type' neurons in their potential origin, the MSO (Brand et al. 2002) . From what is known about ITD processing circuits, the MSO is the only possible source of this type of ITD sensitivity in the DNLL (compare Yin 2002). The difference between monaural and binaural response rates, and the fact that some neurons didn't respond in the absence of binaural stimulation supports the assumption that the recorded 'peak-type' cells were driven by the MSO. Moreover, since
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Seidl and Grothe Development of ITD coding 17 correct MSO function has been shown to be essential for an animal's ability to perform azimuthal sound localization (Casseday and Neff 1975) , it is unlikely that DNLL ITD functions are derived from sources other than MSO. The distribution of best ITDs we found in these cells is also consistent with results from the guinea pig and cat auditory midbrain (Hancock and Delgutte 2004; McAlpine et al. 2001) . The fact that we found other types of ITD sensitivity and also cells that exhibited no ITD sensitivity at all reflects the fact that the MSO is not the only source of DNLL inputs. These cells will be described in detail in a different publication. Nevertheless, at least a subset of inputs seems to be segregated from other DNLL inputs and allow a comparison of 'peak-type' ITD sensitivity in the three different subgroups of animals.
We found that the majority of ITD functions in juvenile animals were not fully adjusted to the physiological range. Whereas in adult animals best ITDs are significantly shifted towards the contralateral hemisphere ( Fig. 2B and Fig. 5A ), this was only true for a subset of ITD-functions found shortly after hearing onset. Some ITD-functions resembled those found in adult control animals, whereas others had their maximal slopes not yet adjusted to the physiological range ( Fig. 2D and Fig. 5B ). Although there was no relationship between body weight and best IPD in P15 animals, it is conceivable that cells in animals of the same age were in different maturational stages (even within one animal) and, consequently, showed different ITD-tuning properties. The positioning of the best IPD, systematically realized in the adult animal, guarantees that the maximal slopes of the ITD functions of most neurons are close to the midline. This provides the basis for ITD-coding by population spike rate, rather than a map of peak-responses of a subset of MSO cells.
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The second important finding of this study shows that the development of adult-like ITD-tuning can be suppressed during a critical period after hearing onset. DNLL neurons of animals reared in omnidirectional white noise showed ITD peaks scattered around zero ITD, similar to those of juvenile animals, indicating that masking of spatial acoustic cues prevents a crucial step in the development of ITD-tuning, without affecting most of the other cell characteristics (e.g. phase-locking and thresholds), hence, without damaging the auditory system as such. Indeed, the characteristics of these Neurons were otherwise comparable to those of adult control animals (Fig. 4) . In contrast, noise exposure of mature animals does not persistently affect ITD-tuning.
Experience-dependent effects during ontogeny related to spatial processing have also been described in mammals and barn owls at the level of the superior colliculus (SC) 
depriving guinea pigs of early visual experience alone also prevents the formation of the auditory map (Withington-Wray 1990b) proving again that an adjustment of auditory and visual inputs underlies the developmental effects in the SC.
In the present study, we show a development of ITD-tuning in the gerbil that most likely occurs due to plasticity at the level of the ITD detector itself, which therefore directly affects the mechanism underlying ITD processing. A visual contribution to the development of the MSO is unlikely as visual inputs to the MSO have not been found and the development of the visual system occurs too late to have an impact. Thus, it appears that ITD-development is self-organized. The omnidirectional noise apparently disturbs this self-organization, most likely by driving the MSO inputs at high rates in an binaurally uncorrelated manner. Learning rules for strengthening or eliminating "right" or rates found in these two groups of animals (Fig. 4B) .
The exact timing of inhibitory inputs may be crucial for the proper ITD tuning (Brand et al. 2002; Grothe and Sanes 1994) . Therefore, it is possible that the posthearing-onset refinement of glycinergic projections is based on temporal correlations of the naturally produced auditory activity, selectively eliminating inputs that are not contributing properly. In contrast to excitatory synapses, indications for long-term plasticity of inhibitory connections have been rarely reported (Stelzer et al. 1987) . There is however evidence that GABAergic synapses in the cerebellum can undergo both potentiation and depression depending on the stimulation protocol (Aizenman et al. These results suggest that the maturation of sound localization encoding depends on patterned acoustic experience. This activity dependence occurs during a critical period when inhibitory inputs to MSO neurons are known to show a spatial refinement. Our data from the DNLL suggest that this plasticity might be necessary for proper ITD-tuning and represent a mechanism of direct adjustment of neuronal processing to behaviorally relevant cues. Future experiments will have to reveal whether noise rearing impairs the ability to localize low-frequency sounds or to separate low frequency sounds sources. In adult control animals, as in noise exposed adults, the maximal slopes are adjusted well to the physiological range, resulting in a constant spike rate change with increasing ITD.
1998), and GABAergic inputs on cortical pyramidal cells may switch between LTP
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(B,C) In juvenile and noise-reared animals spike rates do not change with ITD in a systematically manner and the maximal slopes are not consistently adjusted to the range of ± 120 µs. 
